Summary. Guinea-pig (intrusive) 
Introduction
The exact cellular events associated with blastocyst implantation differ among animals. Several distinct methods of trophoblast cell interaction with the endometrium have been described by Schlafke & Enders (1975) . Displacement implantation is found in mice and rats. It is characterized by evidence of cell death in the epithelial layer and the subsequent detachment of individual or groups of cells (Finn & Hinchliffe, 1964) . Trophoblast projections end at the basal lamina and send out projections that undermine adjacent cells. Subsequently, the basal lamina is penetrated by processes from the decidualized stromal cells (Schlafke et ai, 1985) . Thus, the initial penetration of the endometrium by trophoblast cells is a passive event. Intrusive implantation is found in guinea-pigs and ferrets and possibly also in higher primates, including man, and is characterized by trophoblast cell processes which penetrate between epithelial cells, pause at the basal lamina and then invade through the basal lamina into the underlying connective tissue stroma (Enders & Schlafke, 1972) . Thus, the initial penetration of the endometrium by trophoblast cells is a more invasive event.
Implantation of the blastocyst involves many complex cellular mechanisms including blastocyst interaction with various extracellular matrices. These include the basal lamina underlying the *Reprint requests and correspondence. endometrial luminal epithelium (Schlafke et al, 1985) and the maternal blood vessels (Welsh & Enders, 1987) as well as the interstitial connective tissue stroma. In intact animals, it is difficult to obtain specific information concerning interactions between trophoblast cells and extracellular matrices of the endometrium. In-vitro systems which mimic aspects of implantation would allow us to investigate the mechanisms involved in blastocyst implantation.
This experiment used transmission electron microscopy to compare and contrast the in-vitro interaction of mouse (displacement) and guinea-pig (intrusive) blastocysts with the following extra¬ cellular matrices: (a) Matrigel®, a Preparation of type I collagen pads. Type I collagen was purchased from Collaborative Research Inc. (Bedford, MA, USA); the final concentration used was 1 -5 mg/ml. All components were kept at 4°C. The following components were added in order to a sterile 15-ml centrifuge tube: 10 ml sterile water, 0-5 ml 10 Dulbecco's modified Eagle's medium, 20 ml type I collagen solution and 0-5 ml OlM NaOH. The mixture was shaken vigorously for 3 s and then 200 µ of the solution was transferred using a sterile pipette to sterile Permanox (Nunc, Inc., Naperville, IL, USA) tissue culture dishes (35 10 mm). The dishes were then transferred to an incubator at 37°C for 30 min where the collagen solution polymerized. Following polymerization, the type I collagen pads were rinsed with culture medium and left to equilibrate overnight in the incubator. They were rinsed with fresh medium before the addition of mouse or guinea-pig blastocysts.
Preparation of Matrigel% pads. Matrigel® was purchased from Collaborative Research Inc. (Bedford, MA, USA). For pad formation, 1 0 ml of the Matrigel® solution (9-67 mg/ml) was added to sterile Permanox (Nunc, Inc., Naperville, IL, USA) tissue culture dishes (35 10 mm) and left to polymerize for 30 min at 37°C. The pads were then rinsed with culture medium and left to equilibrate overnight in the incubator. They were rinsed with fresh medium before the addition of mouse or guinea-pig blastocysts.
Transmission electron microscopy. After culture for 48 or 72 h, the pads were rinsed with PBS and fixed in 2% glutaraldehyde in 01m cacodylate buffer (pH 7-3) for 1 h. Pads were subsequently washed in OlM cacodylate buffer three times for 15 min each. The pads were then fixed in 1% osmium tetroxide in OTm cacodylate buffer (pH 7-3) and rinsed three times for 10 min each in distilled water. The pads were stained en bloc with I % aqueous uranyl acetate for 1 h followed by three rinses in distilled water for 5 min each. Dehydration was performed in a graded series of ethanol solutions followed by two 15-min changes in 100% propylene oxide. They were then infiltrated with mixtures of propylene oxide and Epon 812 embedding mixture (2:1, 1:1 and 1:2) for 30 min each followed by 100% Epon 812 overnight at room temperature. The next day, a fresh exchange of the plastic was performed and after 1 h the pads were polymerized at 65°C for 24 h.
Embedded tissues were sectioned on a Sorval MT2-B ultramicrotome using diamond knives. Thick (0-5-1-0 µ ) sections were fixed to glass slides and stained with 1 % toluidine blue in 1 % sodium borate solution. (Fig. 3) ; the cytoplasm was similar to that of the mouse trophoblast cell. There was no evidence of focal alteration of the matrix in the vicinity of the blastocyst. Fig. 1 (Fig. 4) . At 48 h, short, slender trophoblast cell processes were beginning to penetrate the matrix. The cyto¬ plasm of the process appeared to be homogeneous and have few cell organdíes (Fig. 5) . The collagen matrix was altered in appearance and was similar to the trophoblast cell processes. Secondary lysosome-like vacuoles were observed within trophoblast cells; numerous cell protrusions were observed between adjacent trophoblast cells and between trophoblast cells and the matrix.
After 72 h in culture, the number of trophoblast cytoplasmic processes had increased and, although the exact length of the protrusions could not be traced exactly, they appeared to have penetrated deeper into the type I collagen matrix (Fig. 6 ). Guinea-pig trophoblast cell processes were composed of slender anastomosing processes which extended into the matrix; mouse tropho¬ blast cell processes tended to be broader. Numerous microfilaments aligned parallel to the long axis of the trophoblast process were observed at the matrix interface. The cytoplasmic projections con¬ tained numerous ribosomes and fibrous components (Fig. 7) . The guinea-pig trophoblast cells in culture appeared to be syncytial; by 72 h, matrix appeared to be present within the cells (Fig. 8) . It is possible that the cells were engulfing the matrix by endocytosis or phagocytosis or that adjacent trophoblast cell projections had fused. The cytoplasmic processes interdigitated and desmosomes were occasionally observed between adjacent processes. Microtubules were abundant within the cytoplasm of the process (Fig. 8) . Secretory granules or evidence for secretory activity were absent. There was evidence of an alteration of the type I collagen in the vicinity of individual trophoblast processes. The matrix in the vicinity of the trophoblast cell process was less electron-dense. This effect appeared to be very localized since there was no general degradation of the matrix.
Discussion
Since implantation of the blastocyst into the endometrium involves interactions which are difficult to analyse and alter in vivo, we used a reconstituted basal lamina matrix preparation (Matrigel®) and interstitial type I collagen to examine, at the ultrastructural level, the in-vitro interactions of trophoblast cells with these extracellular matrices. In addition, by the use of mouse and guinea-pig blastocysts we examined how different trophoblast cell populations interact with extracellular matrices. Since guinea-pigs implant by an intrusive mechanism and mice by a displacement mech¬ anism (Enders & Schlafke, 1972) , it was possible that we would observe differences in trophoblast cell interaction with the extracellular matrices.
Matrigel® is a solubilized extract of basal lamina material from Engelbreth-Holm-Swarm (EHS) mouse tumour cells and contains laminin, type IV collagen, heparan sulphate proteoglycan and entactin (Kleinman et al., 1986) . Our results, using a polymerized pad of Matrigel®, demon¬ strated that zona-pellucida-free mouse and guinea-pig blastocysts have the ability to attach to this matrix, but trophoblast cells failed to spread on the surface or penetrate into the gel. These obser¬ vations are identical to those of Welsh & Enders (1989) Matrigel® is a product of a mouse sarcoma tumour cell line and the exact composition of the macromolecules within the matrix is not known. Lee & Dunbar (1989) have reported the presence of at least two proteins which are released from Matrigel® pads into culture medium. This raises the possibility that proteins released from the Matrigel® pad may adversely influence blastocyst development and/or trophoblast cell outgrowth. Natural basal laminae are not homogeneous structures, but differ in macromolecular composition (Leu et al., 1986 ). This may be reflected in the ability of blastocysts to penetrate certain basal laminae, but not others. For example, although both ferret and rhesus monkey embryos can penetrate the basal lamina associated with the endometrial luminal epithelial layer, rhesus monkey embryos have the additional capability to penetrate the basal lamina associated with maternal blood vessels, but ferret embryos lack this ability Fig. 5 . Transmission electron micrograph of a mouse blastocyst attached to type I collagen (C) after 48 h in culture. Short trophoblast cell processes (arrow heads) are beginning to penetrate into the matrix. The collagen matrix is altered in appearance in close approximation to the trophoblast cell processes (*). Bar, 1 pm. (Weitlauf, 1988 than because of its composition. Thus, the molecular arrangement of the matrix components may also determine whether trophoblast cells are capable of disrupting the matrix.
Thirdly, as pointed out by Welsh & Enders (1989) , the potential for degradative enzymatic action by trophoblast cells may vary among species and within the same trophoblast cell popu¬ lation at different times during gestation. There have been several attempts to examine the in-vitro interaction of trophoblast cells on cellular monolayers (Sherman & Salomon, 1975; Glass et al., 1979; Van Blerkom & Chavez, 1981) , but few dealing with extracellular matrices. Glass et al. (1983) and Welsh & Enders (1989) embryos are considered to implant by the same mechanism, but would appear to interact with extracellular matrices by different mechanisms.
An alternative explanation for the lack of interaction of trophoblast cells with this basal lamina matrix may be the requirement for functional decidual cells. In both displacement and intrusive mechanisms of implantation, trophoblast cell processes pause at the endometrial basal lamina and are disposed along it for a period before traversing into the connective tissue stroma (Weitlauf, 1988 (Schlafke & Enders, 1975) as well as the basal lamina of maternal blood vessels (Schlafke et al., 1985 (1980) . Also, Wirl & Frick (1979) concluded that collagenolytic activity may be a product of the host in response to the invading tumour and not a product of the tumour itself.
In contrast to Matrigel®, both mouse and guinea-pig trophoblast cells displayed active inter¬ action with and penetration of interstitial type I collagen. By 48 h in culture, trophoblast cell processes had spread on the surface of the collagen pad and had begun to penetrate into the matrix. Initially, short cellular processes were observed, but, by 72 h, the processes had extended deeper into the lattice of reconstituted fibrils indicating active cell growth. In guinea-pig, the processes that had penetrated the matrix were similar to those described in relation to implantation (Enders & Schlafke, 1969) . The alteration in the collagen gel in close association with trophoblast cell pro¬ cesses may indicate increased proteolytic activity, which causes focal alterations in the surrounding extracellular matrix. Collagenases, cathepsins, elastase, plasminogen activator and other neutral proteases are frequently associated with matrix degradation (Pauli & Knudson, 1988) . Tropho¬ blast cell invasiveness may require degradation of matrix macromolecules as is associated with metastasizing tumour cells.
The localized, focal alteration in collagen suggests a microenvironmentally dependent activity of collagenase or some other enzyme. Since secretory granules were not observed within tropho¬ blast cell processes, it is probable that membrane bound proteases are involved in the invasion of the collagen matrix. The presence of plasminogen activator or collagenase bound to the tropho¬ blast cell membrane would help facilitate migration through the collagen gel. Migrating tumour cells are known to produce large quantities of plasminogen activator and to deposit some of the product into the substratum (Quigley, 1979) . Thus, the interaction of membrane-bound proteases with extracellular matrix macromolecules could provide an efficient mechanism for trophoblast cellular processes to attach to and detach from the matrix during migration.
Although the interstitial collagen model lacks components found in situ (e.g. fibroblasts, vascu¬ lar elements and proteoglycans), the hydrated collagen gel does mimic the organizational frame¬ work of the connective tissue stroma. Macromolecules within the interstitial extracellular matrix provide structural support to the implanting embryo. These macromolecules may provide signals to the implanting embryo, thus fulfilling an instructive role. The remodelling of the extracellular matrix during implantation involves many complex interactions between the trophoblast cell surface and various matrix constituents which we are just beginning to understand.
Although the basic components of the extracellular matrices used in various in-vitro exper¬ iments may be similar to uterine extracellular matrices, the spatial arrangement and proportions of the macromolecules within uterine extracellular matrices may be quite different. For example, there is at least one report that the rat endometrium is rich in type III collagen (Grinnell & Head, 1982) . It may be possible to develop a more suitable model by adding uterine epithelial cells to the surfaces of the various extracellular matrices and stromal/decidual cells within the matrix. This would allow trophoblast cells to interact with both epithelial cells sitting on an extracellular matrix and decidual cells within the matrix. These studies are currently being pursued.
